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VARIABLE RADIAL STIFFNESS AND
VARIABLE DIAMETER INTRALUMINAL
DEVICE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of priority under 35
U.S.C. § 119(a) to U.S. Provisional Application No. 62/217,
343, filed Sep. 11, 2015 all of which are hereby incorporated

by reference 1n their entirety.

BACKGROUND

The present disclosure relates to medical devices. More
particularly, the invention relates to an intraluminal support
device having a region which produces a high radial force
(HRF) and a region which produces a low radial force (LRF)
for treating a vascular malady such as a compressive lesion.

Intraluminal support devices, such as stents, are used to
maintain the patency of blood vessels. As part of the
common practice of using self-expanding intraluminal sup-
port devices, the device 1s deployed with a set size mis-
match. The device has a larger diameter than the natural
diameter of the target vessel. Such a mismatch functions to
prevent migration of the device through the vasculature and
to supply a radial force against the vessel wall.

An excessive amount of radial force, however, can have
a negative ellect and lead to increased late lumen loss. As
stretch receptors are triggered by chronic radial force, the
vessel wall thickens imnward to equalize the force supplied by
the implant. In some aspects, such thickening may be intimal
hyperplasia. Such vessel wall thickening can also be seen in
conditions of venous hypertension, as pressure 1ncreases
activate the same physiological mechamisms. As such, the
use of large high radial force for treating compressive
lesions, such as May-Thurner Syndrome or compressive
tumors, 1s a challenge, as high enough radial force to
maintain vessel patency must be balanced against low
enough levels of radial force to prevent or slow remodeling.
Moreover, vessels with stenosis may require treatment with
such an intraluminal support device i order to increase
outflow from the deep venous system as part of a treatment
regimen for chronic venous insuiliciency (CVI).

There 1s a need for improved intraluminal support devices
which produce high enough radial force to remain 1n place
in the vasculature and maintain vessel patency without
triggering vessel remodeling due to the production of a
chronic high radial force.

BRIEF SUMMARY

In one aspect, a radially expandable intraluminal support
device for implantation into a lumen of a body vessel having
a nominal diameter 1s provided. The device includes a first
tubular portion having a first end extending to a second end,
defining a longitudinal axis therethrough. The first tubular
portion includes at least one ring structure and has a first
diameter along a first length of the first tubular portion in an
expanded state. In a fully expanded state, the first diameter
1s greater than the nominal diameter, and the first tubular
portion has a first radial stifiness. The intraluminal support
device has a second tubular portion having a third end
extending to a fourth end about the longitudinal axis. The
second tubular portion includes at least one ring structure
and a second diameter along a second length of the second
tubular portion 1n the expanded state, the second diameter
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being less than the first diameter. In the fully expanded state,
the second diameter 1s substantially equal to the nominal
diameter. The second tubular portion has a second radial
stiflness greater than the first radial stifiness. The device
includes a transition portion disposed between the first
tubular portion and the second tubular portion. The transi-
tion portion 1s connected to the second end and the third end
and includes at least one ring structure. The transition
portion has a profile tapering between the first diameter and
the second diameter such that, at any point along its length,
the transition portion has a diameter between the first
diameter and the second diameter, inclusive, and the radial
stiflness of the transition portion increases progressively
along 1ts length, the radial stiflness of the transition portion
increasing from the first radial stifiness at a position at or
near the second end to the second radial stiflness at a
position at or near the third end. The device may be of
unitary construction.

In another aspect, a radially expandable intraluminal
support device for implantation mmto a lumen of a body
vessel having a nominal diameter 1s provided. The device
includes a first tubular portion having a first end extending
to a second end defining a longitudinal axis therethrough.
The first tubular portion comprises a plurality of first rings
disposed coaxial with each other, each first ring individually
including a plurality of first segments arranged as a plurality
of peaks and valleys, each first segment having a first length.
Each ring has 1ts respective peaks aligned with the peaks of
all other rings to define an 1n-phase relationship of the rings
along the first tubular portion. The first tubular portion 1s
substantially cylindrical 1n shape 1n an expanded state and
has a first diameter. The first tubular portion has a first radial
stiflness. The device includes a second tubular portion
having a third end and extending to a fourth end about the
longitudinal axis. The second tubular portion includes a
plurality of second rings disposed coaxial with each other.
Each second ring individually comprises a plurality of
second segments arranged as a plurality of peaks and
valleys. Each second segment of a second ring has a second
length less than the first length, each second ring having 1ts
respective peaks aligned with the peaks of all other second
rings to define an in-phase relationship of the second rings
along the second tubular portion. The second tubular portion
1s substantially cylindrical in shape 1n the expanded state and
has a second diameter which 1s smaller than the first diam-
cter. The second tubular portion has a second radial stiflness
greater than the first radial stiflness. The device also includes
a third tubular portion having a fifth end and extending to a
sixth end about the longitudinal axis. The third tubular
portion includes a plurality of rings disposed as 1n the first
tubular portion and the third tubular portion has a diameter
greater than the second diameter. The third tubular portion
has a third radial stifiness which 1s less than the second
radial stifiness. The device includes a first transition portion
including at least one ring between the first tubular portion
and the second tubular portion. The first transition portion 1s
connected to the second end and the third end. The device
includes a second transition portion comprising at least one
ring between the second tubular portion and the third tubular
portion, the first transition portion being connected to the
fourth end and the fifth end. The first transition portion has
a profile tapering such that i1ts diameter, at any point along
its length, 1s between the first diameter and the second
diameter, inclusive. The first transition portion has a radial
stiflness which increases progressively along 1ts length, the
radial stifiness of the second transition portion increasing,
from the first radial stiflness at a position at or near the
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second end to the second radial stiflness at a position at or
near the third end. The second transition portion has a profile
tapering such that 1ts diameter, at any point along 1ts length,
1s between the third diameter and the second diameter,
inclusive. The second transition portion has, at any point
along its length, a radial stiflness which increases progres-
sively along its length, the radial stiflness of the second
transition portion increasing from the third radial stifiness at
a position at or near the fifth end to the second radial stiflness
at a position at or near the fourth end. The intraluminal
support device 1s ol monolithic construction. The second
tubular portion may be disposed at the location of the lesion,
and the first tubular portion may be disposed away from the
lesion for anchoring the device within the body vessel and/or
holding the vessel open.

Further objects, features, and advantages of the present
invention will become apparent from consideration of the
tollowing description and the appended claims when taken
in connection with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The drawings are purely schematic 1llustrations of various
aspects of the invention and are not necessarily to scale,
unless expressly stated.

The terms “substantially” or “about” used herein includes
variations in the recited characteristic or quantity that are
functionally equivalent to the quantity recited, such as an
amount that 1s equivalent to the quantity recited for an
intended purpose or function. In the case of a numerical
quantity, the terms “substantially” or “about” shall mean a
range consisting ol a value 20% less than the recited value
to a value 20% greater than the recited value, inclusive.

FIGS. 1A and 1B are schematic representations of the
major blood vessels of the pelvic region of a human;

FIG. 2 1s a side view of a first embodiment of a device in
accordance with the principles of the present disclosure;

FIGS. 3A and 3B are close-up views of ring structures as
used 1n one embodiment of a device of the present disclo-
SUre;

FI1G. 4 15 a side view of a second embodiment of a device
in accordance with the principles of the present disclosure;

FIG. 5 1s a heat map of radial force generated by the
device 1llustrated above 1t 1n FIG. 4;

FIG. 6 1s a graphical representation of the radial force
characteristics of a device constructed 1n accordance with an
embodiment of the present disclosure; and

FIG. 7 1s a view of an intraluminal support device
implanted 1n an 1liac vein 1n accordance with an embodiment
of the present disclosure.

DETAILED DESCRIPTION OF THE DRAWINGS

While the present invention has been described in terms
ol certain preferred embodiments, 1t will be understood that
the 1nvention 1s not limited to the disclosed embodiments, as
those having skill 1n the art may make various modifications
without departing from the scope of the following claims.

As used herein, the term “nominal diameter” 1s taken to
mean the expected or predicted average diameter of a body
vessel 1 which a device 1s to be implanted. Nominal
diameter of many body vessels will fall within the range
from 4 mm to about 30 mm i1n diameter, inclusive.

FIG. 1A 1s a view of the arteriovenous anatomy of the
pelvic region of a human. The major body vessels are
illustrated. The left common iliac vein 1 and right common
iliac vein 4 branch ofl from the inferior vena cava 7 at about
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the level of the fifth lumbar vertebra and act to drain blood
from the pelvis and lower limbs. Lying anterior to the
common 1liac veins are the left common iliac artery 5 and
right common 1liac artery 2, which branch from the aorta 6.
Significantly, the right common 1liac artery 2 overlies a
portion of left common 1liac vein 1 at compression point 3.

FIG. 1B 1s a cross-sectional view of the anatomy shown
in FIG. 1A as would be seen in a patient suflering from a
compressive lesion, such as May-Thurner Syndrome. As
seen 1n this view, the left common 1liac vein 1 has been
compressed at focus 3 on vertebra 8 by right common 1liac
artery 2, greatly decreasing the eflective diameter of the vein
and severely inhibiting blood flow therethrough. Physiologi-
cal consequences of such a compression can include dis-
comiort, swelling, pain, and blood clots including deep vein
thrombosis (DVT). Such a compression could also be cre-
ated at this point or at another point 1n the vascular system
by a growth, for example of a tumor, which presses down on
a vein from the outside.

To relieve these symptoms and recover vascular patency,
an 1mplant including a stent may be used. However, the
pressure on the vessel wall and chronic outward force
produced by such a device may have problematic side effects
since the device employed must overcome the force of
compression. Overcompensation with excess force can lead
to physiological remodeling of the vessel, causing cell
growth 1nside the treated vein to occur. This thickens the
inner lining of the vessel and once again reduces the
ellective diameter for blood flow therethrough.

FIG. 2 1s a first embodiment of a device 10 which can
assist 1in treating a compressive lesion 1n a blood vessel. The
device includes a first tubular portion 40 which extends from
first end 18 to second end 16, a second tubular portion 20
which extends from third end 14 to fourth end 12, and a
transition zone 30 between the first tubular portion 40 and
the second tubular portion 20.

The first tubular portion 40 and the second tubular portion
20 are both substantially cylindrical in order to best fit the
profile of a vessel mnto which they might be implanted. Veins
in particular have very little actual structure; flmd tlow
therethrough creates the typical tubular shape. The diameter
of the first tubular portion 40 1s slightly larger than the
diameter of second tubular portion 20, and the transition
zone 30 1s constructed 1n such a way as to avoid an abrupt
transition between the stiflness of one body and that of the
next.

In the 1llustrated embodiment, the first tubular portion 40
and the second tubular portion 20 are made of a series ol ring
structures which are in turn made up of a number of struts
or segments. These segments are positioned end-to-end to
form an undulating pattern which gives each ring a peak-
and-valley type arrangement. However, many other designs
are possible for creating these substantially tubular or cylin-
drical device bodies.

FIGS. 3A and 3B are close-up views of ring structures
associated with the design of the device 1illustrated i FIG.
2. In order to construct a tubular device with multi-ring
construction, two diflerent interconnection schemes are
employed. The ring of FIG. 3A illustrates a ring 70 having
24 segments connected to form twelve peaks 72 and twelve
valleys 74. Extending upward from every third peak 72 1s a
connector segment (or T-bar) 76, and at each third valley 74
1s a downward-extending T-bar 78 substantially halfway, as
measured circumierentially, between the T-bars 76.

As used herein, the term “connected” means contacting,
touching, or neighboring. Portions of a device which are
“connected” may be connected directly or indirectly to one
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another. Diflerent regions of a device of unitary construction
are considered to be connected together via the device itsell,
and the condition of being connected does not presume that
the device was made of separate components that needed to
be connected together, such as by an adhesive or a weld, to
achieve such connection. However, the term “connected” 1s
not exclusive to describing different portions of a unitary
device, but may also refer to two separately-formed pieces
which are connected by, for example, a welding step.

Ring 80 of FIG. 3B, on the other hand, 1llustrates a ring
that would be suitable for being positioned longitudinally
adjacent the ring of FI1G. 3 A, as the upward T-bars 86 extend
from valleys 84, and the downward T-bars 88 extend from
peaks 82. The terms upward and downward are used to
describe the directionality of the T-bars as illustrated in
FIGS. 3A and 3B and should not be imterpreted as limiting
the positioning of structures of the device. If the rings of
FIGS. 3A and 3B were to be joined as 1n FIG. 2, T-bar 76
and T-bar 88 would represent the same connector segment of
the device as one another, and T-bar 78 and T-bar 86 would
represent the same connector segment of the device as one
another. In the device, the connectors or T-bars lie substan-
tially parallel to a longitudinal axis which runs through the
center of the device.

The plurality of rings of a body are disposed coaxial with
cach other, with each ring individually comprises a plurality
of first segments arranged as peaks and valleys. Each ring
may be positioned with 1ts peaks aligned with the respective
peaks of all other rings of the device to define an 1n-phase
relationship of the rings along the body. Such a spatial
arrangement may be advantageous for collapsing the device
so that 1t can be placed 1 a delivery system with optimal
packing efliciency.

The geometry of the rings and connecting segments (or
T-bars) give the device 1ts physical characteristics 1n part.
Measuring longitudinally from a peak to a valley of a ring
structure gives a quantity referred to herein as cell length.
With segments or struts of equal width (circumierentially)
and thickness (in the radial dimension), a ring made to have
a shorter cell length will produce a greater radial force than
one with a larger cell length.

Other aspects of the struts can be modified to 1mpact
radial stiflness. It 1s to be understood that radial stiflness 1s
the property of a tubular device which dictates the produc-
tion of radial force when that device 1s implanted 1n a body
vessel. Radial stifiness 1s determined by the ability of a
cylindrical member to resist a compressive force applied
perpendicular to the surface of the cylinder, in some
instances all the way around the cylinder circumierentially
and uniformly. Measurement of such uniform cylindrical
compression can be measured by using a standard radial
force compression machine, which provides an aperture
which closes uniformly around the cylinder and reports
force generated (that i1s, compression resisted.) The force
applied, 1n being perpendicular to the surface of the tubular
member, 15 also applied 1n planes perpendicular to a longi-
tudinal axis running through the tubular member.

To alter the radial stiflness, and therefore the radial force,
produced by the device, the following modifications may be
made. Thickening the struts in the radial dimension waill
serve to increase radial force 1 a linear fashion. Making
struts wider 1n the circumierential direction increases radial
force 1n a cubic relation. Thus, to maximize radial force
generated by a particular segment minimizing cell length
while maximizing cell width will produce the desired result.

Alternative tests of compressibility, radial force genera-
tion, and radial stiflness include flat plate compression, in
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which the tubular object 1s placed between two parallel
plates and subjected to crushing force.

The T-bars or connecting members provide connectivity
between ring structures and modulate flexibility. In general,
a longer T-bar will result 1n a more flexible device.

Returning to FIG. 2, the rings 42 of first tubular portion
40 have a greater cell length than the rings 22 of the second
tubular portion 20. In the i1llustrated embodiment, width and
thickness are constant across the entire length of the device,
and as a result second tubular portion 20 produces a greater
radial force than does first tubular portion 40. Transition
zone 30 comprises two rings 32 (attached to third end 14)
and 34 (attached to second end 16), with ring 32 having a
greater cell length than the rings which make up the second
tubular portion 20, ring 34 having a greater cell length than
ring 32, and the rings which make up the first tubular portion
40 having a greater cell length than ring 34. Hence, the
transition zone 30 provides a gradient of radial force to move
between the high radial force provided by second tubular
portion 20 and the low radial force provided by first tubular
portion 40. The profile of transition zone 30 tapers such that
its diameter, at any point between that of the first tubular
portion 40 and the second tubular portion 20, has a value
which 1s equal to or between the diameter of first tubular
portion 40 and second tubular portion 20.

It may also be said of a transition zone (or transition
portion) that the transition portion has a radial stiflness. As
used 1n this disclosure, the concept of radial stiflness of a
tapering transition zone 1s meant to be viewed with an eye
toward the two bodies the transition zone provides a tran-
sition between. In such a case, the radial stiflness of the
transition zone, at any point along its length, will be equal
to the radial stifflness of the two bodies 1t bridges, or
intermediate of these two values.

A ftransition portion or transition zone may create a
substantially linear transition 1n radial stiflness, diameter, or
both. That 1s, the diameter may increase substantially lin-
carly from the smaller diameter tubular portion of the device
to the larger diameter tubular portion of the device. Such an
increase may be steady, and may be progressive. Other
transitions are possible, such as a curvilinear transition, an
undulating transition, or any other style of transition. A
linear transition in particular can be considered to taper.

A ftransition portion can have a radial stiflness which
increases progressively along its length. The radial stiflness
of the transition portion increases within a range which
encompasses, or 1s imcreased from, the radial stifiness of the
tubular portion which has the relatively lower radial stifl-
ness. This increase begins at a position which 1s at, or near
(that 1s, within one ring structure of) the end of that tubular
portion to which the transition portion 1s connected. The
radial stiflness then increases along the length toward the
end of the higher radial stifiness body. The increase contin-
ues until the transition portion has a radial stiflness which 1s
equal to or 1s slightly less than the radial stiflness of the
higher radial stiflness body at a position at, or near (that 1s,
within one ring structure of) the end of the higher radial
stiflness body to which the transition portion 1s connected.

In the embodiment 1llustrated 1n FIG. 2, end cell pair 50
1s attached to first end 18. The end cell pair 50 1s made up
of ring 54, attached at first end 18, and ring 52, which 1s the
terminal ring of the device at device end 98. As in the
transition portion, ring 54 has a greater cell length than the
rings of first tubular portion 40, and ring 52 has a greater cell
length than that of ring 34, thus decreasing radial force at the
far end of the device 1n order to minmimize force applied to
the vessel wall at its extreme end and transition to a portion
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ol a vessel which 1s effectively only held open by pulsatile
flow of blood therethrough under normal circumstances.
Optionally, second tubular portion 20 may be equipped with
a similar set of end cells.

In some cases, end cell pairs will not be necessary since
the radial stiflness of the end of the device may be sufli-
ciently low so as to not require further decrease to avoid an
abrupt transition in properties from the portion of the vessel
which has an implant to one which does not.

In the embodiment of FIG. 2, the diameter of the second
tubular portion 40 1s smaller than the diameter of the first
tubular portion 20. As mentioned above, a patient benefiting,
from treatment with a device of this construction may
benelit from a relatively smaller chronic radial force against
the point of the vessel where compression 1s occurring, but
will benefit from the vein being held patent and being
supported by a crush-resistant device. Thus the device
should create a high radial force when necessary (1.e., when
an external compressive force 1s acting upon the vein to
which 1t has been implanted), but under ordinary circum-
stances the magnitude of the chronic radial force supplied by
the device should be minimized. This 1s 1n contrast to what
1s generally practiced in stenting applications, 1n which
stents producing high chronic radial force are deliberately
selected for treatment of body lumens due to their tendency
to remain where deployed and their ability to keep said
lumens patent.

The smaller diameter 1s fit to approximately the diameter
of the portion of the vessel to be treated, such that the device,
when 1mplanted, does not produce an excessive radial force
unless the vessel 1s compressed, and merely makes slight to
no contact with the iternal wall of the vessel under non-
compressive conditions. In contrast, the larger diameter
regions of the device, such as first tubular portion 20, are
s1zed to exert a force against the vessel in order to anchor 1t
within the vessel and prevent the device from moving 1n the
vessel after implantation.

In one embodiment, a self-expanding intraluminal support
device 1n accordance with the principles of the present
disclosure can be made of a shape memory material. One
example of a shape memory material 1s a shape memory
metal, 1n particular a class of nickel-titanium alloys, 1nclud-
ing those marketed under the name NITINOL. Such alloys
are known for their shape memory and pseudoelastic prop-
erties. As a shape memory material, such a nickel-titanium
alloy 1s able to undergo a reversible thermoelastic transior-
mation between certain metallurgical phases.

In another embodiment, the device may be balloon-
expandable rather than self-expanding.

Generally, the thermoelastic shape memory eflect allows
the alloy to be shaped into a first configuration while 1n the
relative high-temperature austenite phase, cooled below a
transition temperature or temperature range at which the
austenite transforms to the relative low-temperature marten-
site phase, deformed while 1n a martensitic state into a
second configuration, and heated back to austenite such that
the alloy transforms from the second configuration to the
first configuration. The thermoelastic eflect 1s often
expressed in terms of the following “transition tempera-
tures”: M, the temperature at which austenite begins to
transiform to martensite upon cooling; M., the temperature
at which the transformation from austenite to martensite 1s
complete; A, the temperature at which martensite begins to
transiorm to austenite upon heating; and A ; the temperature
at which the transformation from martensite to austenite 1s
complete.
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As a pseudoelastic material, nitinol 1s able to undergo an
1sothermal, reversible transformation from austenite to mar-
tensite upon the application of stress. This stress-induced
transformation to martensite typically occurs at a constant
temperature between A_and M, the maximum temperature
at which martensite can exist 1n an alloy even under stress
conditions. The elasticity associated with the transformation
to martensite and the resulting stress-induced martensite
make pseudoelastic nitinol suitable for applications requir-
ing recoverable, 1sothermal deformation.

A device made from a nickel-titanium shape memory
material can be heat set to retain 1ts shape after implantation.
In one embodiment, the device may have a remembered
state of well below body temperature such that at body
temperature it returns to 1ts original shape. In one example,
the temperature may be about ten to about fifteen degrees
Celsius.

FIG. 2 represents a device which has a zone of high-radial
torce (HRF), a transition zone (17), a low radial force zone
(LRF), and an end cell pair. The HRF zone provides crush
resistance. This zone 1s sized to substantially the nominal
diameter of the vessel to be treated and only exerts a force
when the vessel 1s subjected to an external pressure. An
increase in material thickness would also assist with crush
resistance.

The sizing of a HRF zone (or tubular portion which has

higher radial stiflness) will ideally be substantially equal to
the nominal diameter of the body vessel. This will allow for
maximal crush resistance. A HRF portion which 1s sized
larger than the nominal diameter may produce extra stress on
the vessel wall. A HRF portion which i1s sized smaller than
the nominal diameter may lead to caging and/or thrombosis.
However, although i1deally the diameter of the HRF zone
will be substantially equal to the nominal diameter, 1t may be
somewhat smaller than the nominal diameter. For instance,
it may be suitable to place a device having HRF body
diameter of 11.5 mm 1nto a vessel with a nominal diameter
of about 12 mm.
The LRF zone (or tubular portion which has lower radial
stiflness), on the other hand, continually exerts a force on the
wall of the vessel, albeit with a lower magnitude. The LRF
zone, with 1ts lower radial stiflness, 1s sized to be somewhat
larger than the nominal diameter of the portion of the vessel
into which 1t 1s implanted. This zone can be of a number of
different constructions. In the embodiment of FIG. 2, 1t has
a similar ring structure as the HRF zone in order to increase
case ol manufacture, but any design which allows {for
anchoring the device and maintaining vascular patency can
be employed.

In another embodiment, the difference in radial force
proiile between one zone and another of the device may be
generated by constructing each zone of a diflerent matenal,
such as shape memory metals with differing mickel:titanium
ratios. In another embodiment, heat-setting of the various
portions of the device at different temperatures may be used
to modily the radial force profile of the device.

The TZ may also be of a variety of demgns In some
embodiments, the TZ may be a single ring. In another
embodiment, the TZ may consist of two rings connected
together. In another embodiment, the TZ may be more than
two rings. In a further embodiment, the TZ may simply
comprise a T-bar connecting the HRF body to the LRF body.

The device may further incorporate radiopaque markers to
assist a physician with placement in the body. Many suitable
radiopaque materials are known and any of these may be
selected for use with a device of the present disclosure. The
radiopaque markers may be housed in eyelets 62 at the ends
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of the device, or eyelets 64 which are placed 1n the transition
zones 1n order to guide the physician to accurately place the
HRF zone of the device within the portion of vein affected
by the lesion. The radiopaque markers may be made of
materials including gold, palladium, tantalum, platinum, and
biocompatible alloys of any of these materials.

The device may be of unitary construction. In one sense,
a device of unitary construction 1s made of a single piece of
precursor material. One particular example of a device of
unitary construction 1s one that i1s cut from a cannula.
Specifically, a cannula of a shape-memory metal such as a
nickel-titantum alloy may be laser-cut to yield the device.

In another embodiment, the device may be made of
several separately-formed tubular bodies and attached to one
another end-to-end. The attachment may be achieved by
welding, for example, or by any other conventional means
known 1n the art.

FIG. 4 shows a second embodiment of a device having
multiple diameters and multiple radial force regions. In this
case, the device includes multiple LRF regions. The first
tubular portion 170, extending from {first end 182 to second
end 171, 1s an end cell pair, which 1s the first LRF body of
the device 110. First transition zone (or transition portion)
160 lies between the second end and the third end 112 of
second tubular portion 120 and comprises rings 161 and 163.
The second tubular portion 120 extends from third end 112
to fourth end 114. Second transition zone (or transition
portion) 130 1s attached to fourth end 120 and third tubular
portion 140, which 1s another LRF body. Third tubular
portion 140 extends from {ifth end 116 to sixth end 118, and
an end cell pair 150 1s attached at sixth end 118. Radiopaque
markers 162 are positioned at the extreme ends of the overall
device and internal radiopaque markers 164 are present 1n
the transition zones. The HRF second tubular portion 120
has a smaller diameter and cross section than any portion of
either of the two LRF bodies 170/140. In some embodi-
ments, the two LRF bodies may have the same diameters as
one another. In some embodiments, the diameters of the
LRF bodies are different. In some embodiments, the LRF
bodies are simply end cell pairs, which make up an entire
LRF body. The first transition portion 160 has a tapering
profile such that its diameter, at any point along 1ts length,
1s equal to the diameter of the first tubular portion 170, the
second tubular portion 120, or 1s between the diameters of
these two portions. The radial stifiness of the first transition
portion 160, at any point along 1ts length, 1s equal to the first
radial stiflness of first tubular portion 170, second tubular
portion 120, or 1s between these two values. In a similar way,
the diameter and radial stiflness of the second transition
portion 130 1s equal to the values of these parameters of the
second tubular portion 120 and the third tubular portion 140,
or between these values.

The addition of two LRF zones at opposite ends of the
HRF body allows for multiple points of contact between the
device 110 and the walls of the vessel to which 1t 1s to be
deployed. As such the entire lesion or area subjected to
external compression may be bridged, with the smaller-
diameter HRF body exerting substantially zero net chronic
radial force at the affected portion of the vessel and being
anchored by the larger-diameter LRF bodies on either end.
Such a device might have superior retention at the site to be
treated.

In one embodiment, the device of FIG. 4 has certain
specific dimensions. For instance, 1f the device 1s to be
deployed 1n a common 1liac vein, the diameter of the HRF
zone may be about 12 millimeters (imm) and the diameter of
the LRF bodies may be about 14 mm. The length of the
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entire device, therefore, may be about 147 mm, or between
about 140 mm and about 150 mm. The width of a strut or
segment of the intraluminal support device may be about
0.165 mm. The rings of the HRF body 120 may have a cell
length of about 3.6 mm, and the ring structures of the LRF
zone 140 may have a cell length of about 4.6 mm. The end
cell pair, which comprises two rings, may have a cell length
for ring 154 of about 1.8 mm and a cell length for ring 152
of about 5 mm. The transition zones 130 and 160, which 1n
one embodiment comprise two rings, may have a cell length
of about 3.9 mm for ring 132/161 and about 4.2 mm for ring
134/163. Ring 171 of LRF body 170 may have a cell length
of about 4.8 mm, and ring 172 may have a cell length of
about 5.0 mm. The overall length of bodies 170 and 160
(taken together as region 180) may be about 18.26 mm. The
overall length of HRF body 120 may be about 51.96 mm.
The overall length of transition zone 130 combined with
LRF body 140 and end cell pair 150 may be about 70.18
mm. Such a device may have a loading diameter in the
compressed state of about 6 to about 8 French. However, 1t
will be appreciated that many different designs are possible
for treating a wide variety of lesions or compression-related
conditions 1n a wide variety of vessel sizes.

Much as the device of FIG. 4 incorporates multiple LRF
regions, this disclosure also contemplates the employment
of devices having multiple HRF regions in cases where
multiple compressive lesions might occur. Such devices
might be constructed with transition zones between each
HRF and LRF.

A heat map 1llustrating the radial force characteristics of
the device of FIG. 4 1s 1llustrated in FIG. 5. FIG. 5 1s drawn
such that 1t substantially lines up with the illustration of FIG.
4. For the purposes of this illustration, the device 110 has

been deployed 1nto a vessel A which has a diameter of about
12 mm.

In FIG. §, portions 183 (white coloration) exert the lowest
radial force on the vessel A into which they are deployed;
these regions are substantially 1in line with the gaps between
the transition zones 130/160 and the HRF body 120 where
the only structures present are T-bars or connecting members
bearing eyelets 164 to contain radiopaque markers for
positioning. A great number of white bands 183 are seen
within the HRF region. The vessel walls A experience a
substantially lower chronic radial force at the point of
deployment of HRF body 120 because the diameter is
properly sized to the vessel diameter, 1.¢. 1ts 12 mm diameter
1s substantially the same as the diameter of the body 120.

A shightly higher force, though still quite low, 1s generated
at portions 185 (wide cross hatching). This 1s generally seen
at the inter-ring spaces of the LRF zones and at the vertices
of the HRF rings. Thus the larger diameter of the LRF zones
drives increased contact and anchoring of the device while
the HRF zone only weakly contacts the wall and provides
resistance only when external pressure i1s applied. The end
cell pairs 150/170 also generate about this amount of force.

The next highest regions of radial force are portions 187
(narrow cross hatching). These generally occur wherever the
majority of the lengths of the struts of a ring structure
contact the wall. The zones of force amount 187 are larger
in the LRF body 140 than in the HRF body 120.

The portions of the vessel A which experience the highest
level of chronic radial force in FIG. 5 are labeled 189
(horizontal shading). These areas occur exclusively in this
embodiment at the transition zones 160 and 130. It 1is
thought that the smaller cell length of the rings that consti-
tute the transition zones, combined with the fact that their
diameters are slightly larger than the diameter of the vessel.
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The devices of FIGS. 2 and 4 are of an open-cell con-
struction. As 1s known 1n the art, devices with closed cell
structures can sufler from foreshortening, which increases
unpredictability when deploying the device and can lead to
difficult implantation. Moreover, closed cell structures have
greater length when compressed and loaded into delivery
systems, which reduces options for delivery.

An intraluminal support device as described herein may
be, mm one embodiment, of unitary construction. For
instance, the device may be laser cut from a single tube. One
choice of material for the tube 1s a nickel-titanium shape-
memory metal. Unitary construction and laser cutting allows
for the use of a single pattern to generate the device without
the complications and possibilities for introduction of error
that derive from weaving, soldering, or using another
method to connect separate parts into a unit. As used herein,
the term “unitary” means that the device 1s made of a single
piece which has not been joined to another piece.

Further, a device as disclosed herein may be used with
many existing delivery systems as are known 1in the art.
Particularly when a device 1s made of a shape memory metal
such as a nickel-titanium alloy, the final dimensions of the
device are determined by the remembered state and not
dependent upon manipulating the delivery system to crimp
or otherwise modity the device as it 1s being loaded.

Many possible variations on a device of this construction
are also possible. If desired, the mtraluminal support device
may be covered with a water-permeable or an impermeable
coating. The support device may be covered with a porous
or non-porous layer which has drug-eluting properties. For
long-term treatment where ingrowth of the device into the
vasculature 1s desired, a biologically-derived matrix such as
an extracellular matrix, a dura mater composition, or any
other growth-supporting material may be incorporated. To
turther support the anchoring of the LRF regions to the
vessel, hooks or barbs may be incorporated onto the outer
surface of the device. These may be cut from the structure
and bent outward or they may be formed of separate pieces
and attached by, for example, soldering. All coatings or
biological coverings may be attached by any known method,
including spray coating, weaving, suturing, and the like.

The radial force profile of a device as 1llustrated 1n FIG.
4 1s shown 1n FIG. 6. To generate this graph, an intraluminal
support device 1s placed into a testing machinery which
applies a constant radial force along the length of the entire
device. A radial force 1s observed when the device is
compressed to about 14.5 mm, and increases linearly as the
diameter decreases and as the LRF bodies are compressed.
When the diameter 1s compressed to about 12.5 mm, the
HRF body (which was too small 1n diameter to be aflected
prior to this point) experiences a compressive force, and the
slope sharply increases as the entire device including the
HRF section experience compression. This too trends lin-
carly to the final diameter of about 11 mm. Therefore 1t can
be seen that the HRF body truly has a higher radial stifiness
than the LRF bodies.

FIG. 7 1s a view of a device as illustrated 1n FIG. 4
implanted 1n the left common iliac vein 1. The HRF body
120 lies at the point where the right common 1liac artery 2
creates a compressive arca 3 and reduces the eflective
diameter of the vein 1. Installation of the HRF zone at this
point resists the crushing force generated by the artery.
Meanwhile, the LRF zones 140 and 170 anchor the device
within the iliac vein and the inferior vena cava 7, respec-
tively, with the larger diameter regions expanding to their
remembered states to make consistent contact with portions
of the vessels which are not aflected by compression. The
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transition zones 130/160 allow for less-abrupt changes in
radial force profile between the LRF portions and the HRF
body. It should be noted that the deployed intraluminal
support device depicted 1n FIG. 7 may be deployed in other
ways, and that FIG. 7 only represents a single position at
which the device may be implanted. For mnstance, the device
may be deployed such that the LRF zone 170 may not make
contact with the wall of the inferior vena cava 7; 1in such a
case, the end cell pair would simply stand freely 1n a vessel
lumen without contacting a vessel wall. The device could
also be modified, for instance, to have a fenestration in LRF
zone 170 or transition zone 160 at a point where the inferior
vena cava 7 branches into right common iliac vein 4.
Furthermore, the device could be used 1n conjunction with
other implants 1n a double-barrel stenting operation 1n order
to avoid a portion of the device being set against the wall of
the inferior vena cava.

A device 1n accordance with the principles of the present
invention may be useful in treating an acute compressive
lesion, such as one caused by a compressive tumor, or by
May-Thurner Syndrome. However, a device of this con-
struction may also be useful 1n treating a difluse disease 1n
which chronic outward radial force 1s to be minimized. One
such condition 1s post-thrombotic syndrome (PTS). Patients
with PTS have generally experienced a DVT and suffer from
less-functional vessels. There may be obstruction from clots,
venous 1nsufliciency, rupture of small superficial veins,
subcutaneous hemorrhage, and tissue permeability. Because
the veins may be weakened or compromised, minimizing
chronic outward radial force 1n stenting treatment of PTS
may assist in avoiding complications from the condition.

A device 1n accordance with the principles of the present
disclosure may be made according to a series of steps. As
mentioned previously, a single, monolithic, unitary tube of
a shape memory alloy may be precisely laser cut to generate
the overall shape of the cells of the device. However, such
a tube will be restricted to having a single diameter. Thus,
one way of making such a device might involve multiple,
iterative heat-setting steps, wherein the device may be heat
set over a series of mandrels having slightly different dimen-
$1011S.

In one example, the laser-cut intraluminal support device
may be generated from the precursor tube at substantially
the diameter of the smaller diameter HRF body. Then, the
LRF portions, which are to have a larger diameter in the
fimshed product, may be placed over slightly larger man-
drels, heat set, returned to their base temperatures, and then
may have this step repeated as many times as 1s necessary o
ensure that the proper diameters of end are reached. In one
embodiment, the diameter of a first LRF body may be the
same as of a second LRF body. In another embodiment, the
diameter of a first LRF body may be smaller than of the
second LRF body.

In another example, the precursor tube may be of the final,
larger diameter of the LRF regions. In such a case the
iterative heat setting steps may involve crimping the central
HRF body around successively smaller mandrels until the
desired diameter 1s reached.

In some cases, the transition zones may be specifically
heat set over specialized frustoconical mandrels. In other
embodiments, the transition zones may form their profiles
naturally as the smaller and larger diameter regions are
defined by iterative heat-setting steps.

A method of using a device as described 1n the instant
disclosure can include a number of different steps. In one
step, the intraluminal support device may be compressed to
a compressed state and loaded 1nto a delivery assembly. The
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delivery assembly may be introduced to the body, possibly
percutaneously, and the device delivered, such as by a
pusher, into the body lumen in need of treatment. The
device, upon deployment, will anchor against the lumen (or
vessel) wall at 1ts larger diameter, low radial force bodies,
and will bridge the area of potential compression with a high
radial force portion having a smaller diameter. Delivery may
be guided by 1maging which may optionally include moni-
toring ol one or more radiopaque portions included on the
device. Finally, the delivery assembly 1s removed from the
patient.

Although an intraluminal support device having variable
radial force profiles and varying diameters has been
described largely as being of particular use 1n the circulatory
system, the principles of such a device can be broadly
employed throughout the body. People or animals experi-
encing a crushing wound to the esophagus, for instance, may
benelit from an 1implant which i1s anchored around the ijury
by low radial force-producing bodies and the wounded area
bridged by a high radial-force producing, smaller diameter
segment which 1s sized such that 1t will have substantially
zero net chronic radial force under ordinary conditions but
will resist further crushing 11 an external pressure 1s applied.
Similar uses may also be found in the body lumens of the
endocrine and digestive systems

While the present invention has been described in terms
ol certain preferred embodiments, 1t will be understood that
the 1nvention 1s not limited to the disclosed embodiments, as
those having skill 1n the art may make various modifications
without departing from the scope of the following claims.

The invention claimed 1s:

1. A radially expandable intraluminal support device for
implantation into a lumen of a body vessel having a nominal
diameter, the device comprising:

a first tubular portion having a first end extending to a
second end and defimng a longitudinal axis there-
through, the first tubular portion comprising at least one
ring structure and having a first diameter along a first
length of the first tubular portion, the ring structure of
the first tubular portion having a first longitudinal cell
length, the first tubular portion comprising a plurality
of first rings disposed coaxial with each other, each first
ring individually comprising a plurality of first seg-
ments arranged as a plurality of peaks and valleys, each
first segment having a first length, each ring having 1ts
respective peaks aligned with the peaks of all other
rings to define an in-phase relationship of the rings
along the first tubular portion, the first diameter being
greater than the nominal diameter in a fully expanded
state, the first tubular portion having a first radial
stiflness:

a second tubular portion having a third end and extending
about the longitudinal axis to a fourth end, the second
tubular portion comprising at least one ring structure
and having a second diameter along a second length of
the second tubular portion, the ring structure of the
second tubular portion having a second longitudinal
cell length less than the first longitudinal cell length, the
second diameter in the fully expanded state being
substantially equal to the nominal diameter, the second
tubular portion having a second radial stiflness greater
than the first radial stifiness; and

a transition portion between the first tubular portion and
the second tubular portion, the transition portion having
a length and comprising at least one ring structure and
being connected to the second end and the third end, the
at least one ring structure of the transition portion
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having a longitudinal cell length between the first and
second longitudinal cell lengths, the transition portion
having a tapering profile such that the diameter of the
transition portion, at any point along its length, has a
diameter which 1s between the first diameter and the
second diameter inclusive, the transition portion having,
a radial stiflness which increases progressively along
its length, the radial stifiness of the transition portion
increasing irom the first radial stiflness at a position at
or near the second end to the second radial stifiness at
a position at or near the third end.

2. The intraluminal support device according to claim 1
wherein, when the device 1s implanted 1nto the lumen of the
body vessel, the second tubular portion produces a greater
average outward radial force than the first tubular portion
when the body vessel 1s subject to an external compressive
force.

3. The mtraluminal support device according to claim 1
wherein, when the device 1s implanted into the lumen of the
body vessel, the first tubular portion produces a greater
average outward radial force than the second tubular portion
when the body vessel 1s not subject to an external compres-
sive force.

4. The mtraluminal support device of claim 1 further
comprising;

a third tubular portion having a fifth end and extending to

a sixth end about the longitudinal axis, the third tubular
portion comprising a plurality of ring structures dis-
posed as in the first tubular portion, the third tubular
portion having a diameter greater than the second
diameter 1n the tully expanded state, the third tubular
portion having a radial stifiness less than the second
radial stifiness; and

a second transition portion comprising at least one ring

structure between the second tubular portion and the
third tubular portion, the second transition portion
having a length and being connected to the fourth end
and the fifth end, the second transition portion having
a tapering profile such that the diameter of the transi-
tion portion, at any point along its length, has a diam-
cter which 1s between the third diameter and the second
diameter 1nclusive, the second transition portion having,
a radial stiflness which increases progressively along

its length, the radial stiffness of the second transition
portion increasing irom the third radial stifiness at a
position at or near the fifth end to the second radial
stiflness at a position at or near the fourth end.

5. The mtraluminal support device of claim 1, wherein a
peak of one first ring 1s connected to a peak of an adjacent
first ring by a peak-connecting segment.

6. The mtraluminal support device of claim 1, wherein a
valley of one first ring 1s connected to a valley of an adjacent
first ring by a valley-connecting segment.

7. The intraluminal support device of claim 1 wherein the
second tubular portion further comprises a plurality of
second rings disposed coaxial with each other, each second
ring individually comprising a plurality of second segments
arranged as a plurality of peaks and valleys, each second
segment having a second length less than the first length,

cach ring having 1ts respective peaks aligned with the peaks
of all other rnngs to define an in-phase relationship of the
rings along the second tubular portion.

8. The mtraluminal support device of claim 7, wherein a
peak of one second ring 1s connected to a peak of an adjacent
second ring by a peak-connecting segment.
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9. The mtraluminal support device of claim 1 wherein the
diameter of the transition portion decreases substantially
linearly from the first tubular portion to the second tubular
portion.

10. The ntraluminal support device of claim 1 wherein
the transition portion comprises a plurality of transition
rings, the diameter of the transition ring adjacent the first
tubular portion having a diameter smaller than the diameter
of the first tubular portion, the transition ring adjacent the
second tubular portion having a diameter larger than the
diameter of the second tubular portion and smaller than the
diameter of the transition ring adjacent the first tubular
portion, each transition ring between the first tubular portion
and the second tubular portion 1ncreasing 1in diameter as 1ts
distance from the second tubular portion increases.

11. The intraluminal support device of claim 1 further
comprising an end ring attached to the first end and coaxial
with the first tubular portion, the end ring having a larger
diameter than the first tubular portion and a radial stifiness
less than the first radial stiflness.

12. The intraluminal support device of claim 1 wherein
the 1ntraluminal support device 1s of unitary construction.

13. The mtraluminal support device of claim 12 wherein
the intraluminal support device 1s formed from a single
cannula of shape-memory metal.

14. The mtraluminal support device of claim 1 further
comprising at least one radiopaque element located between
the transition portion and the second tubular portion.

15. A radially expandable intraluminal support device for
implantation into a lumen of a body vessel having a nominal
diameter, the device comprising:

a first tubular portion having a first end extending to a
second end and defiming a longitudinal axis there-
through, the first tubular portion comprising at least one
ring structure and having a first diameter along a first
length of the first tubular portion, the ring structure of
the first tubular portion having a first longitudinal cell
length, the first tubular portion comprising a plurality
of first rings disposed coaxial with each other, each first
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ring individually comprising a plurality of first seg-
ments arranged as a plurality of peaks and valleys, each
first segment having a first length, each ring having 1ts
respective peaks aligned with the peaks of all other
rings to define an in-phase relationship of the rings
along the first tubular portion, the first diameter being
greater than the nominal diameter 1n a fully expanded
state, the first tubular portion having a first radial
stiflness:

a second tubular portion having a third end and extending,

about the longitudinal axis to a fourth end, the second
tubular portion comprising at least one ring structure
and having a second diameter along a second length of
the second tubular portion, the ring structure of the
second tubular portion having a second longitudinal
cell length less than the first longitudinal cell length, the
second diameter in the fully expanded state being
substantially equal to the nominal diameter, the second

tubular portion having a second radial stifiness greater
than the first radial stiflness; and

a transition portion between the first tubular portion and

the second tubular portion, the transition portion having
a length and comprising at least one ring structure and
being connected to the second end and the third end, the
at least one ring structure of the transition portion
having a longitudinal cell length between the first and
second longitudinal cell lengths, the transition portion
having a tapering profile such that the diameter of the
transition portion, at any point along 1ts length, has a
diameter which 1s between the first diameter and the
second diameter inclusive, the transition portion having,
a radial stiflness which increases progressively along
its length, the radial stifiness of the transition portion
increasing from the first radial stiflness at a position at
or near the second end to the second radial stiflness at
a position at or near the third end;

wherein the intraluminal support device 1s of unitary

construction.
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